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ABSTRACT: Dynamic light scattering measurements of the diffusion coefficient D and the Rayleigh ratio
Rθ are reported for dextran molecules confined in agarose gel networks of various concentrations. In this
condition, the light scattered by the dextran is some 2 orders of magnitude less intense than that from
the agarose. Three molecular weights of dextran were investigated: 7 × 104, 5 × 105, and 2 × 106 g
mol-1. For the lowest molar mass it is confirmed that, below the dextran overlap concentration c*, the
product DRθ is independent of the agarose concentration, showing that the reduction of the rate of diffusion
inside the gel is the result of a decrease in the osmotic pressure in the confined geometry. For the higher
molar masses, entanglement effects between the dextran and the network become noticeable in the more
highly concentrated gels. The dynamic light scattering intensity measurements are also found to yield
reasonable estimates of the molar mass Mw and radius of gyration RG of the trapped dextran molecules.
The second virial coefficient A2 is positive, indicating that the agarose-water matrix acts as a good solvent
for dextran, but the ratio of RG to the hydrodynamic radius is less than 1.5. These results are interpreted
in terms of branching of the dextran molecule.

Introduction

Over the past two decades, a number of investigations
have been made into the diffusion of probe particles
inside polymer solutions and gels using dynamic light
scattering.1-8 Recently, we extended this technique to
include measurements of the intensity of the scattered
light, applied to low molar mass dextran solutions (Mw
≈ 70 000 g mol-1) trapped inside agarose gels.9 In this
system, the two components are miscible over a limited
concentration range, above which the gel that is formed
displays phase separation on a macroscopic scale. In the
range of miscibility the dextran molecules migrate freely
throughout the volume of the sample that is not oc-
cupied by the agarose, and their behavior is therefore
similar to that of a liquid. The light scattered by the
gel structure itself was found to be some 2 or 3 orders
of magnitude more intense than that scattered by the
mobile macromolecules, with the result that the latter
was strongly heterodyned. In this situation, photon
correlation spectroscopy can be used to discriminate
between these two components since, in the concentra-
tion range of interest, agarose gels are virtually im-
mobile at room temperature; in the pure gel residual
motions were found to scatter between 0.01 and 0.05%
of the total light, depending on the agarose concentra-
tion. In this system, then, the only significant dynamic
component is that of the mobile guest polymer. Analysis
of the resulting intensity correlation functions accord-
ingly yields not only the corresponding diffusion coef-
ficient D but also the Rayleigh ratio Rθ.

The results of ref 9 may be summarized as follows.
For concentrations below the overlap concentration c*,
the diffusion coefficient D of the dextran in the gel is
depressed with respect to the free solution. Conversely,
the intensity Rθ scattered by the trapped molecules is

enhanced over that in the free state. The product of
these two quantities, DRθ, however, was found to
depend only on the dextran concentration c and to be
independent of the gel concentration cg. These results
showed that the reduction in diffusion rate is not due
to frictional effects but instead comes from a depression
of the osmotic pressure due to configurational entropy
loss in the confined volume of the gel.

It is natural to try to extend these observations to
larger guest molecules in order to explore larger length
scales in the gel. For this reason, in this article we report
measurements on agarose gels containing dextran solu-
tions of higher molar mass, namely 5 × 105 and 2 ×
106 g mol-1, the radii of gyration RG of which are
appreciably larger.

Experimental Section

The sample preparation was described in detail in ref 9.
Three lots of dextran, of molar mass Mw ) 7 × 104, 5.0 × 105,
and 2.0 × 106 g mol-1, were used as supplied by Sigma. The
molar mass of the agarose, kindly provided by R. Armisen
(Hispanagar, Spain), was Mw ) 1.2 × 105 g mol-1 (sulfate
content 0.1%, methyl content 0.6%). Previous measurements10

of the molar mass of these samples yielded the results
displayed in Table 1.

The appropriate weights of agarose and dextran were mixed
in deionized water and heated to 100 °C and stirred to
complete dissolution. The solutions were sealed in 10 mm
diameter cylindrical glass tubes, then melted again at 100 °C,
and allowed to cool to room temperature. Gelation of the
agarose occurred as the temperature fell to 45 °C.

Dextran and agarose form uniform gels in water over a
limited concentration range, above which macroscopic phase
separation occurs. The phase diagram is shown in Figure 1.
The experiments described in this article were all conducted
in the region of miscibility.

Dynamic light scattering measurements were made with a
Spectra Physics SP1161 laser working at 488 nm and a
Malvern Instruments 7032 multibit correlator. All measure-
ments were made in a temperature-controlled bath at 25 °C.
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The laser and goniometer were fixed to an optical table that
was isolated from the building by pneumatic supports.

The optical transmission factors Ts of the samples were
measured in the same cells, using a Kontron Uvikon 810
spectrophotometer working at 488 nm. To compensate for the
lens effect of the cylindrical light scattering tubes, these were
placed in rectangular spectrophotometric cells containing
water in the intervening space. A mask was applied to ensure
that only light traversing the cylinder diameter was detected
by the spectrophotometer.

For the free solutions of dextran, the scattered light consists
entirely of the fluctuating component, If, and dynamic light
scattering measurements were made in the usual homodyne
condition.11 For solutions trapped in the gels, however, the
rigid agarose structure adds a static component of stray light
Is which generates heterodyne mixing at the photomultiplier.
The total average scattering intensity is then

and the resulting normalized intensity correlation function is12

In eq 2, X ) 〈If〉/〈I〉 is the fluctuating fraction of the scattered
light, â is the optical coherence factor of the detection system,
and g(τ) is the field correlation function of the fluctuating
component. The quantity

is the value of G(τ) at the far point, generally set to be 2048
times the longest time increment in the correlation window.

As noted by Joosten et al.,13 eq 2 is soluble both for X and
for g(τ), since, by definition, g(0) ) 1. From these results the
Rayleigh ratio of the fluctuating component of the scattered
light Rθ can in turn be evaluated, giving9

where Rv is the Rayleigh ratio of the toluene standard and
Istand the intensity scattered by the standard in the same
conditions of incident laser intensity as the sample.

The diffusion coefficient D is obtained from the field cor-
relation function. In general, this can be described by a
multiexponential decay

which yields the z-average diffusion coefficient

For the two lower molar mass samples investigated here (7 ×
104 and 5 × 105 g mol-1), satisfactory fits to the results were
found for N ) 2, and this analysis was accordingly adopted
throughout. In the former of these samples the contribution
of the slower relaxation to Dz was small (ca 1%). The samples
of molar mass 2 × 106 g mol-1, however, required three
components for a satisfactory description, both in the free
solution and inside the gel; as mentioned below, this sample
displays greater polydispersity, which is probably sufficient
to explain the observed distribution of relaxation times.

Despite the essentially static character of Is, the correlation
functions did sometimes show evidence of residual movement
of the speckle pattern, presumably owing to mechanical
relaxation of the sample in response to small temperature
changes in the thermostated bath. As such changes occur on
a time scale much longer than that of the diffusion of the guest
polymer, their contribution could be eliminated simply by
replacing G(∞) in eq 2 by the value of G(τ) in the last correlator
channels where the correlation function of the polymer is fully
relaxed.

Results and Discussion
Figure 2 shows examples of the normalized intensity

correlation functions measured at a scattering angle of
90° for two samples containing 15 g L-1 of dextran of
mass 5 × 105 g mol-1, in aqueous solution and inside a
hydrogel composed of 30 g L-1 agarose. For visibility,
the latter has been multiplied by a factor of 100. The
corresponding field correlation functions g(τ), calculated
from eq 2, are shown in Figure 3, together with the
corresponding two-exponential fits through the data
points. In Figure 4a the resulting relaxation rates

Table 1. Light Scattering Parameters for Dextran

Mnom/1000 Mw/1000 RG/nm RH/nm F ) RG/RH A2/cm3 mol g-2 remarks

70 64 9.6 6.5 1.48 ref 10, cg ) 0 g L-1

500 490 24.4 16 1.53 ref 10, cg ) 0 g L-1

2000 1850 42.2 37.8 1.12 ref 10, cg ) 0 g L-1

(fraction from chromatography column)
70 6.2 this work, cg ) 0 g L-1

70 7.8 this work, cg ) 5 g L-1

500 540 23.1 18.7 1.24 2.5 × 10-4 this work, cg ) 5 g L-1

2000 3400 59.8 43 1.39 7.3 × 10-5 this work, cg ) 5 g L-1

2000 2900 42.5 55.9 0.76 7.3 × 10-5 this work, cg ) 10 g L-1

Figure 1. Expanded view of the phase diagram of the
agarose-dextran-water system, for the three molar masses
studied. Filled circles, M ) 7 × 104 g mol-1; open circles, M )
5 × 105 g mol-1; crosses, M ) 2 × 106 g mol-1. The phase-
separated region lies below the curves indicated. The scale in
the diagram is agarose: 0-10% w/w, dextran 0-10% w/w,
water 90-100% w/w.
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are shown as a function of q2, for a set of samples with
dextran concentration c ) 10 g L-1 in three different
agarose environments: cg ) 0, 5, and 30 g L-1. Each
data set gives a straight line through the origin, in
agreement with eq 7. This linear behavior is consistent
with that found earlier1 for dextran of molar mass 7 ×
104 g mol-1.

Figure 4b shows that the linear relationship 7 also
holds for the 2 × 106 molar mass solutions inside
agarose gels. For this high molar mass sample, however,
there is evidence of aggregation in the free solution: the
scattering intensity displays an increase at low angles
that is incompatible with the stated value of the mass.
For this reason comparative measurements are made
between the free solution and the gels using the data
from θ ) 150°. The resulting values of Dz(c) are shown
in Figure 5a-c as a function of agarose concentration
cg, for the three different molar masses M investigated.
The behavior of each set of samples is similar. At low
dextran concentrations c, Dz is depressed by an amount
that accentuates with increasing cg; at higher c this
effect disappears, and the Dz(c) curves converge in the
vicinity of c ) 40 g L-1.

The Rayleigh ratio Rθ, shown in Figure 6 for the
different molar masses investigated, also displays be-
havior similar to that of the M ) 7 × 104 g mol-1 system
(Figure 6a). Contrary to the diffusion coefficient, Rθ is
higher inside the gel than in free solution. For M ) 5 ×
105 g mol-1 the angular variation of Rθ is weak, and it

is reasonable to plot the average value for the three
angles as in Figure 6b. For M ) 2 × 106, to minimize
the effects of aggregation in the free solutions, Figure
6c shows the variation of R150 only.

It is known from basic physical principles14,15 the
quantities Dz and Rθ are both functions of the osmotic
susceptibility ∂c/∂Π:

where f is a friction coefficient that, in the dilute regime,
corresponds to that of the whole molecule. K is the
contrast factor for light scattering. From eqs 8 and 9 it
follows that the product

is independent of the thermodynamic quantity Π.
Figure 7 shows the product DzRθ for the three sets of

samples. As found previously,9 the points for the lowest
mass fall on a plausible master curve. This result
implies that frictional coupling between the dextran and
the gel is negligible. For the two higher masses,
however, the increase in Rθ does not completely com-
pensate for the depression in Dz, evoking a slowing effect

Figure 2. Intensity correlation functions G(τ) - 1 for an
dextran solution (M ) 5 × 105) at c ) 15 g/L at θ ) 90° in free
solution (open circles) and in a cg ) 30 g/L agarose gel (crosses).
For visibility, the latter is multiplied by a factor 100.

Figure 3. Field correlation functions g(τ) calculated from
Figure 2 using eq 2.

Γ ) Dzq
2 (7)

Figure 4. (a) Relaxation rate Γ of the field correlation function
g(τ) as a function of q2 for a c ) 10 g L-1 dextran solution of
molar mass 5 × 105 g mol-1: crosses, free solution; open circles,
inside an agarose gel with cg ) 5 g L-1; filled circles, inside an
agarose gel with cg ) 30 g L-1. (b) Diffusion coefficient Dz )
Γ/q2 for the 2 × 106 g mol-1 dextran in an agarose gel with cg
) 5 g L-1, at various dextran concentrations c between 0.5
and 35 g L-1. For these samples, Dz is independent of q.

Dz ) ∂Π/∂c
f

(8)

Rθ ) Kc kT
∂Π/∂c

(9)

DzRθ ) KkTc/f (10)
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of nonthermodynamic origin that preferentially affects
the larger masses. A likely explanation for this slowing
is the existence of entanglements between the dextran
and the rigid matrix. Such an effect should be more
marked at higher agarose concentrations, where the
pore size of the matrix is smaller.16 [The notion of pore
size is not entirely appropriate in agarose gels, as the
structure is characterized by an extremely broad dis-
tribution of distances.17 The intensity maximum ob-
served in small-angle light scattering can, however, be
taken as an indication of a maximum pore size.]
Moreover, returning to Figure 6a-c elicits another
observation: as the molecular weight increases, the
enhancement of Rθ by the agarose network weakens. It
seems probable that this effect is the result of territorial
competition between the dextran and the agarose as the
gel forms. Under such conditions the agarose network
is deformed locally and the dextran molecules have a

greater degree of freedom than if they were introduced
after the formation of the gel. This result has important
implications for the configuration of the guest molecules.

We now turn to the angular dependence of Rθ.
Traditionally, the molar mass Mw and radius of gyration
RG of molecules in solution are determined by static
light scattering. In aqueous solutions such measure-
ments are notoriously difficult owing to the extreme
precautions that have to be taken to eliminate dust and
molecular associations. In the present case, however,
these sources of stray light are immobilized inside the
agarose gels, contributing a signal that simply adds to
the already strong static light background. It is there-
fore not unreasonable that the values of Rθ obtained by
dynamic light scattering should provide valid informa-
tion on the characteristics of the dissolved dextran
molecules. Results for the three angles investigated are
illustrated in parts a and b of Figure 8 as Zimm plots

Figure 5. Diffusion coefficient Dz as a function of dextran
concentration c in agarose gels of various concentrations cg:
(a) M ) 7 × 104 g mol-1, (b) M ) 5 × 105 g mol-1, (c) M ) 2 ×
106 g mol-1 (measured at θ ) 150°).

Figure 6. Rayleigh ratio Rθ as a function of dextran concen-
tration c in agarose gels of various concentrations cg: (a) M )
7 × 104 g mol-1, (b) M ) 5 × 105 g mol-1, (c) M ) 2 × 106 g
mol-1 (measured at θ ) 150°).
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for Mw ) 5 × 105 and 2 × 106 g L-1, respectively. For
the Mw ) 7 × 104 sample the signal-to-noise ratio was
too poor to extract useful information. The resulting
molecular parameters are listed in Table 1. Figure 9
shows that the values of RG, plotted as a function of Mw,
fall on a straight line that is consistent with previous
static light scattering measurements on the same dex-
tran molecules in free solution.10

The light scattering measurements of ref 10 for
dextran in free solution give for the ratio of the radius
of gyration to the hydrodynamic radius F ) RG/RH ≈
1.5, the value expected theoretically for a linear polymer
at the Θ condition. For the highest molar mass sample,
however, this ratio is even smaller, a result that is
probably due to the well-known phenomenon of branch-
ing in this polymer.18 For the present measurements of
dextran in agarose gels, the dynamic scattering results

for the high molar mass sample Mw depend somewhat
on the agarose concentration; bearing in mind that these
results form a master curve in Figure 9, however, these
differences are probably real and may reflect fraction-
ation of the dextran with increasing gel concentration,
i.e., larger masses are immobilized as the pore size
decreases. For the gel at cg ) 10 g L-1, the apparent
ratio F for the dextran in this sample turns out to be
smaller than that of an impenetrable uniform sphere
(Fsphere ) (3/5)1/2). Such an apparently unphysical result
can be explained by entanglements acting between
dextran molecules and the matrix: as the radius of
gyration becomes comparable with the pore size of the
matrix, entanglements hinder the motion of the dextran
and the apparent value of RH becomes anomalously
high. This conclusion is also in agreement with the
anomalous variation of DzRθ mentioned above.

Figure 7. DzRθ as a function of dextran concentration c in
agarose gels of various concentrations cg: (a) M ) 7 × 104 g
mol-1, (b) M ) 5 × 105 g mol-1, (c) M ) 2 × 106 g mol-1

(measured at θ ) 150°).

Figure 8. Zimm plots from the dynamic light scattering of
dextran in agarose gels: (a) M ) 5 × 105 g mol-1 in a cg ) 5
g L-1 gel; (b) M ) 2 × 106 g mol-1 in a cg ) 10 g L-1 gel.

Figure 9. Plot of RG vs Mw: filled circles, data from static
light scattering (ref 10); crosses, dynamic light scattering (this
work). Continuous line shown is the least-squares fit through
all the data points.
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The power law exponent appearing in Figure 9, ν )
0.43 ( 0.03, is significantly lower than that expected
for a linear polymer in a good solvent (ν ) 0.588) or even
that for a Θ solvent (ν ) 0.5). From Table 1, however,
it can be seen that the second virial coefficient A2 is
small but positive. Water is therefore a good solvent, a
result that is in agreement with the positive slope of
Dz(c) visible in Figure 5, but inconsistent with the Θ-like
(or poor solvent-like) values of F. These results can be
understood if it is assumed that the dextran samples
exhibit a partially branched character.

Finally, in Figure 10 the molar mass dependence of
RH is plotted together with the results of ref 10. The
least-squares fit shown excludes the datum point from
the cg ) 10 g L-1 sample since it is perturbed by the
effect of entanglement. Acceptable agreement is found
with a power law fit of exponent νdyn ) 0.50 ( 0.03. In
contrast to linear polymers,19 this value exceeds that
of the static exponent ν, but it is still much lower than
that for linear polymers in a good solvent. From Figures
9 and 10 it follows that the ratio F is a decreasing
function of molar mass. We therefore conclude, once
again, that the dextran molecules have a branched
structure.

It is remarkable that the above measurements show
no evidence for shrinkage of the dextran molecules
inside the network as a result of the reduction in
configuration space, as expected theoretically20 and
observed experimentally in other systems:21,22 indeed,
the values of RG of the dextran inside the gel lie on the
same master curve as for the free solution. Our inter-
pretation of this result is that, during the formation of
the agarose gels, competition between the agarose and
dextran molecules ensures that the available space is
sufficient for their effective radius not to be significantly
diminished. This situation is the opposite of that
prevailing in the previous experiments, where the
configuration of the networks was established prior to
the introduction of the guest polymer.21,22

Conclusions
The dynamic light scattering observations described

here show that it is possible to measure the properties

of large molecules moving inside a rigid matrix that
scatters light much more strongly than the molecules
themselves. In particular, measurements can be made
not only of the hydrodynamic radius but also of the
molar mass and radius of gyration of the dissolved
molecules.

The present observations confirm our previous finding
that the reduction of the translational diffusion coef-
ficient is caused by a reduction of the osmotic pressure
of the dextran inside the restricted geometry of the
agarose matrix. For the higher molar masses investi-
gated here, however, an additional slowing effect is
observed, which is attributed to entanglements between
the dextran and the agarose network. It is also con-
cluded that the dextran displays a branched structure.
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